We report 139 La Nuclear Magnetic Resonance (NMR) data in La4Ni3O8 which reveals the presence of antiferromagnetic order below TN ∼ 105 K. This compound contains two-dimensional layers of NiO2 that are isostructural to the copper oxide planes of the high temperature superconductors. This compound is remarkable because the average Ni valence of 1.33+ for formally 2Ni 1+ + Ni 2+ indicates a 3d
9 /3d 8 electronic configuration. Nickel oxides with Ni 1+ valence are rare and unstable, yet may provide new routes to high temperature superconductivity. La4Ni3O8, with antiferromagnetic order of S = 1/2 Ni 1+ spins, is analogous to the parent compounds of the cuprate superconductors. Our data clearly reveal dramatic spectral changes and low energy antiferromagnetic correlations associated with the onset of long range order below TN . Prior to their seminal discovery of high temperature superconductivity, Bednorz and Müller initially focused their search for superconductivity on the La-Ni-O system with Ni in the 2 + /3+ valence. 1 Despite intensive efforts to find other transition metal analogs to the cuprates, the only other systems known to exhibit superconductivity are the cobaltates and the iron oxypnictides. On the other hand, the nickelates have the greatest potential to exhibit physics similar to the cuprates. Theoretical studies show that only nickelates with Ni 1+ (3d 9 , S = 1/2) in a square planar coordination can form an antiferromagnetic (AFM) insulator directly analogous to the parent (undoped) cuprates. for planar coordination in the absence of apical oxygens the large crystal field splitting between the x 2 − y 2 and the z 2 d-orbitals forces Ni 2+ into the S = 0 state. 2 On the other hand, in an itinerant picture the excess charge may be shared among three Ni bands, and the magnetic behavior will be driven by band structure effects.
Both scenarios predict a spin degree of freedom for some of the Ni ions, and this prediction is borne out by specific heat and magnetization measurements which reveal a second order phase transition at 105 K. 4 The magnetic entropy loss associated with this transition is consistent with both the localized picture with roughly one-half of R ln 2 for each of the two 3d 9 Ni(2) sites or roughly one-third of R ln 2 per each Ni band in an itinerant picture. The magnetization is suppressed by 15% below T N . Resistivity data reveal insulating behavior with a change of slope at T N . 4 However, the granular nature of the polycrystalline sample may have precluded intrinsic measurements of the resistivity. Indeed, our measurements of the spin-lattice-relaxation rate suggest metallic behavior, as discussed below.
In order to investigate the nature of the phase transition in more detail we have carried out 139 La NMR (I = 7/2) as a function of temperature. Approximately 100mg of powder were mixed with Stycast epoxy and cured in an external field in order to align the powder and improve the spectra resolution. Fig. 2 shows the La spectra in both the random powder and the aligned samples. Spectra were obtained by integrating the spin echo intensity as a function of applied magnetic field, H 0 , at fixed frequency. There are clear differences, with well resolved satellites in the aligned spectrum. These spectra indicate successful alignment and suggest that the magnetic susceptibility is highly anisotropic, with χ c /χ ab ∼ 5 − 10. The aligned spectrum reveals two distinct La sites, consistent with the structure, with La(1) located between the NiO 2 planes and La(2) located in the LaO fluorite blocks (Fig. 1 ). Both sites have axial symmetry and the La nuclei are sensitive to the local electric field gradient (EFG). The resonances are determined from the nuclear Hamiltonian:
2 ), where γ is the gyromagnetic ratio, K is the Knight shift, ν Q = 3eQV cc /2I(2I − 1)h is the quadrupolar frequency, e is the electron charge, Q is the quadrupolar moment, and V cc is the component of the EFG tensor corresponding to the tetragonal c axis of the unit cell. quency f , the resonance fields for each site are given by: (2) sites, respectively. We thus assign the A site to La(1) and the B site to La (2) . Figure 3 shows the full La spectrum in the aligned sample as a function of temperature. Below the phase transition the La(1) spectrum is washed out by the presence of a broad distribution of static hyperfine fields, whereas the La(2) resonance remains visible. The powder nature of the sample coupled with the small value of the La(2) EFG renders the La(2) spectrum nearly featureless, but we can identify two sub-peaks in the spectrum which develop a significant temperature dependence below 105 K (see arrows in Fig. 3 ). We find an internal field on the order of 200 Oe develops at the La(2) site (see Fig. 4 ). This internal field arises from the non-cancelation of the transferred hyperfine fields at the La(2) site from ordered Ni moments, and is thus a direct measure of the order parameter of this system. Similar behavior was observed in powder spectra of LaFeAsO below T N . 7 The order develops with a second-order temperature dependence that is well fit by the expression M (T )/M 0 = (1 − (T /T N ) β with β = 0.25. This value of β is less than the mean field value of 1/2, and may be related to the two-dimensional nature of the NiO 2 planes. A similar field develops at the La(1) site, but since the hyperfine fields are much larger in the La(1) case the spectrum is broadened considerably. It is difficult to extract information about the magnetic structure in this case, but the broad nature of the La(1) spectrum suggest an incommensurate wavevector. Indeed, density functional (DFT) calculations indicate a spin density wave (SDW) with ordering wavevector Q = (π/3a, π/3a, 0), although direct neutron scattering measurements show no ordering at this particular wavevector. 4 In order to understand the magnetic order and the antiferromagnetic fluctuations it is important to consider the hyperfine coupling to the two La sites. To lowest order we can assume isotropic transferred hyperfine coupling to each of the nearest neighbor Ni sites. La(1) is located symmetrically between 4 nearest neighbor Ni(1) spins (inner plane) and 4 nearest neighbor Ni(2) spins (outer plane). La(2) is located symmetrically between four nearest neighbor Ni(2) spins. For staggered antiferromagnetic order, Q = (π/a, π/a), as in the parent compounds of the high-T c cuprates, the hyperfine field will vanish by symmetry at both La sites. However, for Q = (π/3a, π/3a, 0) ordering, there are multiple La (1) and La(2) sites with different hyperfine fields. This distribution of hyperfine fields gives rise to the broad spec- tra observed in Fig. 3 , and fluctuations of these fields in the paramagnetic state will contribute to the spin-latticerelaxation rate.
In order to characterize the dynamics of the phase transition we have measured the spin-lattice-relaxation rate, T −1 1 , at both sites (see Fig. 5 ). T
−1 1
was measured by inversion recovery, and fitting the magnetization to the expression to the standard expression for I = 7/2. For the La(1) site T
was measured at the first satellite transition (−3/2 ↔ −1/2) at 44kOe (see Fig. 3 ), and for the La(2) T −1 1 was measured at the central peak. Because of spectral overlap at the La(2) it is likely that several of the La(2) satellites as well as part of the La(1) central transition were also inverted and thus the T −1 1 data is not purely the La(2). Nevertheless both sites exhibit strong temperature dependences, and dramatic reductions at T N , which clearly establishes this phase transition as intrinsic.
The strong temperature dependence above T N reveals the presence of critical fluctuations up to 300 K. T −1 1 is given by:
where the form factor F (q) is the Fourier transform of the hyperfine coupling and χ ′′ β (q, ω) is the dynamical susceptibility 8 . The enhanced value of T
at the La(1) site suggests a larger form factor than at the La(2), consistent with the fact that La(1) is closer 5 and hence more strongly coupled to the Ni spin fluctuations. Surprisingly, Fig. 5 is a fit to (T 1 T ) −1 = a + b/(T − T 0 ) above T N , where the first term represents a Korringa contribution from spin-spin scattering with quasiparticles at the Fermi surface, and the second term represents the contribution from 2D antiferromagnetic spin fluctuations. 8, 9 We find that T 0 = 0 fits the data best, suggesting that the antiferromagnetic spin fluctuations are truly 2D, and would not be expected to exhibit long range order at finite T . 10 The dotted line shows a fit to (
with x = T /1.13J, as expected for a 2D Heisenberg antiferromagnet with S = 1/2 with J = 129(5) K.
11 Both expressions fit the data well, and suggest that the spin fluctuations are analogous to the high temperature superconducting cuprates. In the cuprates antiferromagnetic correlations of Cu spins in 2D CuO 2 planes are present up to high temperatures (J ∼ 1500 K), and long range antiferromagnetic ordering is driven by a small interplanar exchange J ⊥ ∼ 10 −5 J at T N ∼ 300K. In the case of La 4 Ni 3 O 8 our data are consistent with J ∼ 130 K, and the layered structure could give rise to strong anisotropy in the antiferromagnetic exchange coupling. Indeed, the separation between NiO 2 planes in the tri-layers (across the fluorite blocks) is approximately twice the separation between NiO 2 planes within the tri-layers. Furthermore, the tri-layers are shifted by (a/2, a/2), frustrating the antiferromagnetic interactions along the c direction.
Thus a plausible scenario might be that Ni(2) spins with S = 1/2 are coupled within plane and weakly coupled between planes, whereas the Ni(1) site remains inactive with S = 0. However, the large entropy released at the ordering temperature is inconsistent with a picture of strongly anisotropic 2D spin fluctuations, in which only a fraction of R log 2 is released at T N .
12 Alternative explanations may be (i) the transition is first-order and hence there are no divergent critical fluctuations, or (ii) the entropy is not associated with the Ni spins but rather is associated with the orbitals occupied by the 3d 8 Ni(1) inner planes. Case (i) can be ruled out because low temperature neutron diffraction reveals no structural changes and the behavior of the internal field is continuous (Fig.  4) . 4 For case (ii), the entropy could be associated with nearly degenerate orbitals of the Ni(1) electrons that become ordered along with the Ni(2) spins in a cooperative fashion at T N . This scenario would require, however, that the S = 1 state of the Ni(2) lie close in energy to the S = 0 state, and there is no evidence of S = 1 states in the magnetic susceptibility.
Yet another possibility is that the doped holes are itinerant, and there is little difference between the Ni(1) and Ni(2) electronic configurations. As seen in Fig. 5 , (T 1 T ) −1 is approximately constant both at high temperature and at low temperature T ≪ T N . This result indicates that La 4 Ni 3 O 8 is indeed a Fermi liquid for sufficiently high temperatures and that only a portion of the density of states is gapped by the SDW order. This observation is at odds with the insulating behavior of the resistivity; however due to the metastability of La 4 Ni 3 O 8 , (the sample decomposes at T > 350
• C), transport measurements can only be performed on polycrystalline pressed pellets where poor inter-grain electrical contacts are expected. In fact density functional theory calculations indicate that La 4 Ni 3 O 8 is metallic, with three Fermi surfaces, one of which is strongly nested.
4
Thus it is likely that two Fermi surfaces remain ungapped below T N and contribute to Korringa relaxation at the two La sites. On the other hand, for a second order SDW transition critical fluctuations should dominate T −1 1 above T N , in contrast to our observations. We expect, therefore, that the true physical picture may represent a more complex superposition of both local and itinerant character of holes.
In conclusion, we have measured La NMR at both La sites in La 4 Ni 3 O 8 and found the presence of long range antiferromagnetic order. T −1 1 measurements strongly suggest 2D antiferromagnetic fluctuations of Ni moments, with long range order developing due to the presence of a small interplanar coupling. This 2D layered system of S = 1/2 Ni spins is therefore analogous to the parent antiferromagnetic state of the high temperature superconductors and potentially represents a novel route to Ni based superconductivity upon doping. There are important differences however, as the parent cuprate is a halffilled Mott insulator, whereas La 4 Ni 3 O 8 is hole doped and possesses a Fermi surface. Studies directed at probing the differences between the inner and outer plane Ni valences will undoubtedly shed important new light on the magnetism of this and other transition metal oxide systems.
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